Due to advantages such as high speed, high accuracy, low maintenance and high reliability, permanent magnet synchronous motor (PMSM) servo systems have been employed in many fields. In some cases, for example, speed fluctuations caused by load mutation would restrict the control stability, thereby limiting the usefulness of PMSM in high-precision applications. The speed regulation problem of PMSM servo control systems is discussed in this paper. A sliding mode disturbance control is developed in the vector control system to improve tracking performance of the PMSM system in order to suppress the speed fluctuations. The integration of sliding mode control and the proportional plus integral (PI) control can improve the performance of the closed-loop system and attenuate disturbances to a great extent. The proposed method can effectively improve the robustness and response speed of the system. Simulation and experimental analyses are conducted to demonstrate the superior properties of the proposed control method.
Introduction
Permanent magnet synchronous motors (PMSMs) have been widely used as servo motors and have become a good choice in servo drives in high-dynamic and high-precision applications due to several distinct advantages such as fast response time, high power density, high acceleration, robustness, etc. [1] [2] [3] . Usually, PMSMs use the strategy of the field-oriented control (FOC), a cascade control structure with an inner current loop and an outer speed loop, in their control systems. The proportional integral (PI) control, which offers simple and easy implementation, is widely used in PMSM systems in both the inner and outer loops [4, 5] . In applications, unknown random disturbances and parametric uncertainties always affect PMSM systems and induce ripples. These ripples induce periodic oscillations in the PMSM's speed, and the speed oscillations cause a degradation of the servo system's robustness and tracking performance, as well as undesirable mechanical vibrations [6] [7] [8] . Conventional proportional-integral control is not always effective in improving the performance of PMSM systems. A number of direct ways to address the chattering phenomenon from a theoretical viewpoint have been developed recently [9] . These methods, which deal with the issue of pulsating torque, can be categorized into two types. The first is the improvement of PMSM optimization, such as the use of a skewing magnet, a fractional number of slots per pole, winding optimization, etc. [10] [11] [12] . The second method is through the control system [13, 14] . As the controller is a necessary part in PMSM systems, the latter requires no additional hardware and can be applied more easily.
(1) The PMSMs have the same pole pairs. ( 2) The permeability of the back iron is infinite. ( 3) The magnetic field is unsaturated. (4) The influence of external environment on PMSM parameters is not considered.
SMC Design for the PMSM

Dynamical Modeling of PMSMs
Suppose the magnetic circuit is unsaturated, neglecting the iron losses, and the stator resistance and self-and mutual-inductances for each phase are the same for a surface-mounted PMSM. The mathematical model of the surface-mounted PMSM can be written in state equation form in the d-q reference frame as
and T L are d-axis and q-axis currents, stator resistance, stator inductance, d-axis and q-axis voltages, the number of pole-pairs, the mechanical angular speed of the rotor, the rotor flux linkage generated by the permanent magnet, the equivalent moment of inertia and the load torque, respectively. A typical PMSM vector control system is shown in Figure 1 . The differential equations of surface-mounted PMSMs are represented in the rotor reference coordinates based on the above assumptions. For the PMSM, whose rotor flux is generated by a permanent magnet, the excitation component i d is set to zero, and the torque is produced by current i q . The current Equation of the PMSM described by (1) is rewritten as
where id, iq, R, Ls, ud, uq, pn, ωm, Ψf, J and TL are d-axis and q-axis currents, stator resistance, stator inductance, d-axis and q-axis voltages, the number of pole-pairs, the mechanical angular speed of the rotor, the rotor flux linkage generated by the permanent magnet, the equivalent moment of inertia and the load torque, respectively. A typical PMSM vector control system is shown in Figure 1 . The differential equations of surface-mounted PMSMs are represented in the rotor reference coordinates based on the above assumptions. For the PMSM, whose rotor flux is generated by a permanent magnet, the excitation component id is set to zero, and the torque is produced by current iq. The current Equation of the PMSM described by (1) is rewritten as 
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It is known that the major drawback of sliding mode control is the so-called chattering phenomenon, which is caused by the high-frequency switching of a sliding mode controller, exciting unmodeled dynamics in the closed loop. This phenomenon indicates that the control signal exhibits high frequency oscillations called chattering after the system state reaches the sliding surface. This chattering can give rise to oscillatory behaviors of unpredictable frequency and can be capable of exciting the system's resonance modes. Consequently, in sliding mode control applications, there is a need for control strategies to track periodic reference signals or reject periodic disturbances. Repetitive control, which builds on the well-known internal model principle, provides a specialized control scheme for asymptotic tracking and rejection of a periodic exogenous disturbance without steady-state error. Repetitive control has been successfully applied in real industrial applications in the past decades, for example, harmonic suppression of circulating 
It is known that the major drawback of sliding mode control is the so-called chattering phenomenon, which is caused by the high-frequency switching of a sliding mode controller, exciting unmodeled dynamics in the closed loop. This phenomenon indicates that the control signal exhibits high frequency oscillations called chattering after the system state reaches the sliding surface. This chattering can give rise to oscillatory behaviors of unpredictable frequency and can be capable of exciting the system's resonance modes. Consequently, in sliding mode control applications, there is a need for control strategies to track periodic reference signals or reject periodic disturbances. Repetitive control, which builds on the well-known internal model principle, provides a specialized control scheme for asymptotic tracking and rejection of a periodic exogenous disturbance without steady-state error. Repetitive control has been successfully applied in real industrial applications in the past decades, for example, harmonic suppression of circulating current [28] , suppression for exogenous disturbances and uncertainties in the dynamics of a plant [29] , and a fast tool servo system [30] . Simultaneously, a repetitive control system can be applied in a plug-in style and has a simple structure formulated by an N-delay positive-feedback loop.
Therefore, a repetitive control is one of the most promising control schemes for enabling perfect rejection of periodic disturbances if periodic chattering disturbances act on the sliding mode control system. To achieve robust and high-accuracy tracking performance, a sliding mode controller combined with a plug-in repetitive compensation controller is proposed in this control scheme. The integrated controller as shown in Figure 2 is designed to stabilize and compensate for the chattering, and the plug-in repetitive controller offers precise tracking performance and harmonic elimination:
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As shown in Figure 2 , the repetitive controller can be expressed as
The difference expression is rewritten as
where UR0 and URi are the output and the input of the repetitive controller, respectively, as shown in
The Equation (6b) indicates that the output UR0(k) will increase. For L(z) is a low-pass filter, it can attenuate the last output. S(z) is the regulating function for the control object. A detailed discussion on S(z) is beyond the scope of the article, here S(z) = 1.
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The configuration of the sliding mode controller is shown in Figure 3 . The state of the controller can be described as
where x1 is the tracking error of speed. The state of the controller can be described as
where x 1 is the tracking error of speed.
The sliding surface s corresponding to the zero-error manifold is defined as
Differentiating s with respect to time gives
where c and D are positive adjustable parameters, respectively; D = 3p n Ψ f /(2J) derived from Equation (5) by making derivative terms transformation in the equation; and x 1 and x 2 are the state variables, respectively. To design the sliding-mode controller to ensure better dynamic character and track capability for the non-salient surface-mounted PMSM, the exponential reaching law is adopted as a function of difference between measured current and feedback current. The exponential reaching function can be chosen as
where ε and q are positive adjustable parameters; sgn() represents the signum function. The output current of the sliding-mode controller can be obtained as
where i * q is the output current of the SMC controller in the q-axis.
Reachability Analysis
In order to testify that the system state of this sliding mode control can reach the sliding mode surface form arbitrary initial state in limited time, the Lyapunov function candidate is defined as [31] .
then the derivation of Lyapunov can be set up with
If c in Equation (9) is a real number, then there will be · V ≤ 0. Therefore, according to Lyapunov theory, the speed for Equation (7) and can be converged to zero in limited time by designing the sliding mode surface of Equation (9) and control law of Equation (12).
Stability Analysis
In this section, stability analysis is performed for the proposed control scheme with sliding mode and repetitive control. As shown in Figure 2 , the error transfer function e(z) between the feedback speed n Feed and the given speed n given can be represented as
where G SMC (z) is the transfer function of the sliding mode control; G P (z) is the sensor transfer function; L(z) is a low-pass filter; K R is a gain coefficient; and D(z) is disturbances.
To verify stability of the proposed SMC, the transfer function of the dynamic disturbance system in Equation (15b) is analyzed, and the sufficient condition is proven as
where S(z) = 1. In Equation (15b), if the angular frequencies ω m of the disturbance D(z) equals m times, and m is a positive integer, namely, ω m = 0, 1, 2 . . . , this indicates that z −N = 1, and
Thus, the controller can eliminate random harmonic and leads to a better reference speed tracking performance.
Simulation and Experiment
Simulations and experimental tests were carried out to investigate the above analysis and to verify the control performance. A laboratory prototype electric drive was used for the experimental validation of the proposed control algorithm. The platform used for the experiments is shown in Figure 4 . The system contains a load that attaches to the PMSM, a servo controller, and an encoder. The core of the main control board is a DSP microprocessor; its specific model is TMS320F28335. Figure 5 shows the different Simulink simulation results to the input with the system load superposed by ramp signal and step noise signal. As shown in Figure 5a , the speed response curves of the PMSM show that the proposed SMC can track the input more quickly and accurately. Simultaneously, the PMSM can effectively adjust the speed of the rotor to return to stable state according to a sudden load, and the proposed SMC can resume with less time and less speed error. Figure 5 shows the different Simulink simulation results to the input with the system load superposed by ramp signal and step noise signal. As shown in Figure 5a , the speed response curves of the PMSM show that the proposed SMC can track the input more quickly and accurately. Simultaneously, the PMSM can effectively adjust the speed of the rotor to return to stable state according to a sudden load, and the proposed SMC can resume with less time and less speed error. Figure 5 shows the different Simulink simulation results to the input with the system load superposed by ramp signal and step noise signal. As shown in Figure 5a , the speed response curves of the PMSM show that the proposed SMC can track the input more quickly and accurately. Simultaneously, the PMSM can effectively adjust the speed of the rotor to return to stable state according to a sudden load, and the proposed SMC can resume with less time and less speed error. The PMSM parameters used include the output power P e = 0.75 kW, rated voltage U e = 220 V, rated torque T e = 2.4 N·m, max torque T max = 7.2 N·m, rated current I e = 4.2 A, rated speed n e = 2000 r/min, stator phase resistance R s = 0.901 Ω, pole pairs p = 4, and moment of inertia J = 1.2 × 10 -4 kg·m 2 . The experimental prototype was built with the same design parameters used in the above simulation. The results of the output performance of the test bench are shown in Figure 6 . Figure 5 shows the different Simulink simulation results to the input with the system load superposed by ramp signal and step noise signal. As shown in Figure 5a , the speed response curves of the PMSM show that the proposed SMC can track the input more quickly and accurately. Simultaneously, the PMSM can effectively adjust the speed of the rotor to return to stable state according to a sudden load, and the proposed SMC can resume with less time and less speed error. The actual rotor speed for a traditional SMC during the process of startup and running of the motor is shown in Figure 6a , while Figure 6b shows the corresponding output torque under the same condition. As seen from the pictures, the overshoot is approximately 30% in the process of startup. Simultaneously, there is a large overshoot in the corresponding output torque. Figure 7a ,b shows the actual rotor speed and the corresponding torque for the proposed SMC during the startup and running period of the motor, respectively. The results show the speed and torque errors are approximately 7% and 3%, respectively.
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This paper described an improved proposed SMC method that incorporates the traditional SMC and repetitive control approach into a PMSM vector control system to improve the disturbance-rejection and tracking performance. A stability criterion for the proposed SMC was derived, and theoretical analysis was conducted to analyze the robustness of the proposed controller. The simulation results showed that the proposed control exhibited satisfactory disturbance-rejection and tracking performance, and the experimental results showed the effectiveness of the proposed control.
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